Deamidation of asparaginyl and glutaminyl residues causes timedependent changes in charge and conformation of peptides and proteins. Quantitative and experimentally verified predictive calculations of the deamidation rates of 1,371 asparaginyl residues in a representative collection of 126 human proteins have been performed. These rates suggest that deamidation is a biologically relevant phenomenon in a remarkably large percentage of human proteins.
D
eamidation of asparaginyl (Asn) and glutaminyl (Gln) residues to produce aspartyl (Asp) and glutamyl (Glu) residues causes structurally and biologically important alterations in peptide and protein structures. At neutral pH, deamidation introduces a negative charge at the reaction site and can also lead to structural isomerization. Early work established that deamidation occurs in vitro and in vivo, and that the rates of deamidation depend on primary sequence, three-dimensional (3D) structure, pH, temperature, ionic strength, buffer ions, and other solution properties (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . It has been hypothesized (3, 5, 7, 12, 13 ) that Asn and Gln may serve, through deamidation, as molecular clocks which time biological processes such as protein turnover, homeostatic control, and organismic development and aging, as well as mediators of postsynthetic production of new proteins of unique biological value.
Deamidation has been observed and characterized in a wide variety of proteins. It has been shown to regulate some timedependent biological processes (8, 9) and to correlate with others, such as development and aging. There are many reports of deamidation under physiological conditions in proteins of biological significance. For examples, see refs. 14-18. Extensive evidence suggests that deamidation of Asn at neutral pH usually proceeds through a cyclic imide reaction mechanism (19) (20) (21) . Sometimes the Asp produced by deamidation is isomerized to isoAsp. The in vivo reversal of this isomerization has been widely reported, but reversal of deamidation itself and of the introduced negative charge has not been observed.
Deamidation rates depend on the amino acid residues near Asn and Gln in the peptide chain with sequence-determined deamidation half-times at neutral pHs and 37°C in the range of 1-500 days for Asn and 100-Ͼ5,000 days for Gln (7, 13) .
Sequence-determined Asn and Gln deamidation rates are modulated by peptide and protein 3D structures. Deamidation of peptides is observed at both Asn and Gln, largely in accordance with sequence-controlled rates. Deamidation of proteins, which is usually slowed by 3D structure, occurs primarily at Asn except in very long-lived proteins where Gln deamidation is also observed. In a few instances, 3D structure has been reported to increase deamidation rate.
The deamidation rates of individual Asn residues in a protein can be reliably predicted as a result of two recent advances. First, the sequence-controlled Asn deamidation rates of most of the 400 possible near-neighbor combinations in pentapeptide models have been measured (13) , and the relevance of this rate library has been established (22) . Second, these rates and the 3D structures of proteins with well characterized deamidations have been combined to produce a computation method that correctly predicts the deamidation rates of most Asn residues for which the 3D structure is known (23) . This method is more than 95% reliable in predicting relative deamidation rates of Asn residues within a single protein and is also useful for the prediction of absolute deamidation rates.
It is, therefore, now possible to compute the expected deamidation rate of any protein for which the primary and 3D structures are known, except for very long-lived proteins. These proteins require measurement of the 400 Gln pentapeptide rates.
Materials and Methods
Calculation Method. The Brookhaven Protein Data Bank (PDB) was searched to select 126 human proteins of general biochemical interest and of known 3D structure without bias toward any known data about their deamidation, except for 13 proteins (as noted in Table 1 ) where deamidation has been measured.
The deamidation half-time of each of the 126 proteins was obtained by first computing the deamidation coefficients (C D ) of each Asn and then combining these values into the deamidation index (I D ) by the methods reported (23) .
), where t 1/2 is the pentapeptide primary structure half-life (13) , C m is a structure proportionality factor, C Sn is the 3D structure coefficient for the nth structure observation, S n is that observation, and
]. The structure observations, S n , are those that impede deamidation, including hydrogen bonds, ␣-helices, ␤-sheets, and peptide inflexibilities. For Asn in an ␣-helical region: S 1 ϭ distance in residues inside the ␣-helix from the NH 2 end, where S 1 ϭ 1 designates the end residue in the helix, 2 is the second residue, and 3 is the third. If the position is 4 or greater, S 1 ϭ 0. S 2 ϭ distance in residues inside the ␣-helix from the COOH end, where S 1 ϭ 1 designates the end residue in the helix, 2 is the second residue, and 3 is the third. If the position is 4 or greater or S 1 0, then S 2 ϭ 0. S 3 ϭ 1 if Asn is designated as completely inside the ␣-helix because it is 4 or more residues from both ends. If the Asn is completely inside, S 3 ϭ 1, S 1 ϭ 0, and
For flexibility of a loop including Asn between two adjacent antiparallel ␤-sheets:
S 4 ϭ number of residues in the loop. S 5 ϭ number of hydrogen bonds in the loop. S 5 Ն 1 by definition.
For hydrogen bonds:
S 6 ϭ the number of hydrogen bonds to the Asn side chain CϭO group. Acceptable values are 0, 1, and 2. The proteins were selected without regard to reported deamidation except for 13 proteins that were among those used to develop and test the calculation method (23, 26 -28) and are designated with an asterisk in the table.
S 7 ϭ the number of hydrogen bonds to the Asn side chain NH 2 group. Acceptable values are 0, 1, and 2. S 8 ϭ the number of hydrogen bonds to the backbone N in the peptide bond on the COOH side of Asn. Hydrogen bonds counted in S 6 or S 7 are not included. Acceptable values are 0 and 1. This nitrogen is used in the five-membered succinimide ring. S 9 ϭ additional hydrogen bonds, not included in S 6 , S 7 , and S 8 , that would need to be broken to form the succinimide ring.
For Asn situated so that no ␣-helix, ␤-sheet, or disulfide bridge structure is between the Asn and the end of the peptide chain:
S 10 ϭ 1 if the number of residues between the Asn and the nearest such structure is 3 or more. If the number of intervening residues is 2, 1, or 0, or if the Asn is not between structure and chain end, then S 10 ϭ 0.
If the Asn lies near to any ␣-helix, ␤-sheet, or disulfide bridge structures: Hydrogen bonds are accepted if the bond length is 3.3 Å or less and there is room in the structure to accommodate the van der Waals radius of the hydrogen. All primary structure t 1/2 values are those published (13), except for Asn with carboxyl-side Pro, Asn, or Gln, and Asn without a free amide as a result of binding to metals or other moieties. Estimated values of t 1/2 of 500, 40, 60, and 500 days are used for AsnPro, AsnAsn, AsnGln, and bound Asn, respectively. The coefficients C m and C Sn were optimized by means of the D P method (23) (24) (25) with an increased set of proteins (26) (27) (28) (29) . D P is a measure of the percentage accuracy in classifying the relative deamidation rates of Asn residues in a set of proteins (23) . Proteins added to the original set (23) and their Protein Data Bank numbers were bovine DNase I (2DNJ), human hirudin (4HTC), bovine calmodulin (1A29), and human vascular endothelial growth factor (2VPF). Human T cell surface glycoprotein CD4 (1CDJ) was omitted. The Asn 3D environments in all 31 of the calibration proteins were examined and retabulated. These 31 proteins include all of the proteins suitable for this purpose that we have found in the research literature.
The optimized values were C m ϭ 0.48, C S1 ϭ 1.0, C S2 ϭ 2.5, C S3 ϭ 10.0, C S4,5 ϭ 0.5, C S6 ϭ 1.0, C S7 ϭ 1.0, C S8 ϭ 3.0, C S9 ϭ 2.0, C S10 ϭ 2.0, C S11 ϭ 0.2, and C S12 ϭ 0.7. These values are identical to those found in ref. 23 . The deamidation resolving power (D P ) was found to be 95.4%.
The protein deamidation index is defined as
, where C Dn is C D for the nth Asn residue. Therefore, (100)(I D ) is an estimate of the initial single-residue deamidation half-time for the protein with all Asn residues considered.
Comparison of Calculated Rates with Experimental Rates
The Medline and Citation Index databases were searched for all proteins in which the deamidation rates of identified Asn residues have been reported for 37°C solutions with pH at or near 7.4. Reports were found for a total of 10 individual Asn and 3 combinations of Asn residues in 10 different protein types (17, 18, 23, (29) (30) (31) (32) (33) (34) (35) . These include 7 proteins that are in the human set of 126 and 3 proteins from other species.
The names, Protein Data Bank numbers, Asn residue position, and computed (100) experimental values in Tris buffer. In phosphate buffer, the experimental deamidation rates are, on average, 2-fold higher than calculated, and the 3 in vivo human blood values average 3-fold higher. This result is entirely as expected because deamidation at neutral pH is subject to catalysis by solution ions. Tris is a very mild catalyst of deamidation. Phosphate is a much stronger catalyst of deamidation in peptides (6, 11) and proteins (17) as compared with Tris. Tissue culture medium contains components even more catalytic of deamidation than phosphate (36) . Least-squares lines as shown in Fig. 1 give experimental deamidation rates relative to the computed values in Tris, phosphate, and in vivo blood erythrocytes of 1.06, 2.07, and 3.01, respectively.
The agreement between the calculated values and Tris experimental values in Fig. 1 does not arise from computational forcing. The computational method (23) uses experimental sequence-determined pentapeptide deamidation rates in Tris buffer and a parametric 3D structure function with adjustable constants. The optimization method (23) (24) (25) for these constants used only the ordered Asn residue instabilities in a wide variety of proteins and buffer types. No experimental absolute deamidation rates were used. The agreement arises because the computational method correctly estimates the relative primary and 3D contributions to the deamidation rate of each Asn, and the primary rates were experimentally determined in Tris.
Results and Discussion
Averaged over all 1,371 Asn, the contributions to the deamidation reaction activation energy from primary and 3D structures are about equal, although they vary widely for individual Asn residues. The average relative deamidation rates of Asn within single proteins in this 126-protein set are 60% determined by primary and 40% by 3D structure, which are the same proportions found for a different 24-protein set (23) . The cumulative distribution function of the calculated first-order rate constants for deamidation of the 1,371 Asn residues is shown in Fig. 2a .
The computed single deamidation half-times in pH 7.4, 37°C, 0.15 M Tris⅐HCl buffer for the 126 human proteins are shown in Table 1 . Table 2 summarizes, on the basis of Table 1 , the extent to which deamidation is expected to occur within this set of 126 proteins.
The percentages of deamidation in living tissues are probably higher than shown in Tables 1 and 2 . Physiological fluids contain many inorganic, organic, and biochemical substances with deamidase activity. We know of no reported instance, in vivo or in vitro, of an experimentally measured protein deamidation rate that is slower than its computed Tris rate. All reported rates are the same or faster. There are two instances of individual proteins (13, 23) in which negative results for the detection of deamidation in specific amides indicates that the rates, if measured, might be slower than calculated.
This deamidation is not a random consequence of the presence of Asn residues in proteins. The fast deamidations summarized in Table 2 result from a set of Asn residues with unusual primary and 3D structures, which comprise about 5% of the total. As illustrated in Fig. 2 , most individual Asn deamidation rates are slower. Because a large number of similarly sized partially independent factors determine Asn deamidation rates in proteins, the distribution functions in Fig. 2 would be expected to be Gaussian. Fig. 2b shows the deviation from Gaussian caused by the unusual Asn residues.
Conclusions
The unstable Asn residues that give rise to the deamidation rates shown in Tables 1 and 2 and Figs. 1 and 2 are apparently preferred over the many stable Asn residues that could easily be genetically specified. As shown in Fig. 2 , most Asn residues are far more stable. Moreover, even if it were not a result of preference, this introduction of negative charges into protein structures would do unacceptable biochemical damage unless it was being used for compensating biological purposes.
Although postsynthetic deamidated proteins are often observed in tissue extracts, their production can be obscured. For example, the in vivo steady-state concentrations of the deamidated forms of cytochrome c are much lower than expected Also shown is a Gaussian function that fits the distribution function except for that part arising from the especially unstable Asn residues. The shaded area contains those Asn residues computed to be one-tenth or more deamidated in 10 days in pH 7.4, 37°C, 0.15 M Tris⅐HCl. This shaded area for phosphate, physiological fluids, or longer time intervals would be a larger part of the illustrated deviation from Gaussian.
because they are preferentially degraded (7, 8) . Those deamidated forms that are not degraded and, therefore, accumulate in living tissues may have other unique biological purposes. Otherwise, their accumulation would be disadvantageous.
Moreover, the deamidation rates in living tissues are changeable. Through the production of enzymatic deamidases or the control of other physiological parameters that affect the reaction activation energy of deamidation, a living cell could easily increase the overall deamidation rates of its proteins to adapt to changes in physiological circumstances. Decrease of deamidation rates to values below those in Tris summarized in Table 2 , however, would be difficult except in specialized structures. Deamidation has been observed in the proteins of many other organisms, too; thus, similar findings may be expected.
In summary, reliable and experimentally verified predictive calculations of the deamidation rates of 1,371 Asn residues in a representative collection of 126 human proteins have been carried out. The results of these calculations show that deamidation of human proteins under physiological conditions is so extensive that it is probably of pervasive and fundamental biological importance. Otherwise, the genetic code would specify stable Asn configurations. Likely uses of deamidation include the timing of biological processes and the postsynthetic production of uniquely useful proteins. A phosphate buffer correction of (2)(computed Tris rate) was applied to obtain the phosphate rate of each protein. Percentages produced in physiological solutions may be even higher. Steady-state physiological percentages are lowered by protein turnover.
